Low-molecular-weight glutenin subunits (LMW-GSs) ranging from approximately 30 to 60 kDa are associated with the bread-making quality of wheat (Gupta et al. 1989 , 1994 , Khelifi and Branlard 1992 , Masci et al. 2000 as well as high-molecular-weight (HMW) GSs (Payne 1987 , Payne et al. 1981 , 1987 . LMW-GSs are encoded by genes at the Glu-3 loci on the short arms of homoeologous group 1 chromosomes Shepherd 1988, Gupta and Shepherd 1990) . The Glu-3 loci consist of a multigene family, estimated to include 30 to 40 genes (Sabelli and Shewry 1991, Cassidy et al. 1998) . Lew et al. (1992) and Cloutier et al. (2001) proposed a nomenclature based on the first amino acid residue of the mature peptide. According to this nomenclature, LMW glutenin components are classified as LMW-s (serine), LMW-m (methionine) and LMW-i (isoleucine) . However, few LMW-GS genes have been found to correspond to LMW-GS proteins. Maruyama-Funatsuki et al. (2004) identified some LMW-GSs associated with good bread-making quality in a hard red winter wheat line, 'KS831957', developed at Kansas State University, Manhattan, KS, USA. One such LMW-GS, KS2, was classified as LMW-s and was found to be allelic to LMW-GS HS1 of a Japanese winter wheat cultivar with a poor bread-making quality, 'Horoshirikomugi'. They evaluated the effects of KS2 on the bread-making quality using recombinant inbred lines (RILs) derived from a cross between 'Kachikei 32' and 'Kachikei 34', which are breeders' lines from a cross between KS831957 and Horoshirikomugi. Kachikei 32 and Kachikei 34 carry HS1 and KS2, respectively. Evaluation of dough properties of four types of RILs carrying KS2 or HS1 and HMW-GS 5 + 10, which is encoded by Glu-D1 and exerts considerable effects on dough properties suitable for bread-making (Payne et al. 1981 , or its allelic form 2 + 12, revealed that KS2 and 5 + 10 have interaction effects on good bread-making quality. Identification of the gene encoding KS2 is considered to be important at the next stage to understand the role of KS2 in good bread-making quality.
KS831957 and Kachikei 34 carry another LMW-GS, KS3, migrating slightly faster than KS2 in SDS-PAGE. However, SDS-PAGE analysis for F 6 RILs did not enable to determine whether KS3 cosegregates with KS2, because one subunit with a mobility similar to that of KS3 often appeared and it was difficult to distinguish the subunit from KS3 (Maruyama-Funatsuki et al. 2004) . Two-dimensional (2D) PAGE is considered to be a good method for monitoring the cosegregation of KS2 and KS3. Maruyama-Funatsuki et al. (2005) also showed that two LMW-s, GL1 and GL2, of a Canadian Western ExtraStrong (CWES) red spring wheat cultivar, 'Glenlea', showed a close association with good bread-making quality. GL1 cosegregated with GL2, which migrated slightly faster than GL1 in SDS-PAGE. They also identified a novel LMW-s glutenin gene candidate encoding GL1 and/or GL2, showing cosegregation of the gene and GL1/GL2 in a BC 5 F 2 segregating population. They further demonstrated that an LMW-GS, HA1, derived from a Japanese strong spring cultivar, 'Harunoakebono', is an allelic form to GL1/GL2.
In the present study, to elucidate the correspondence of KS2, KS3 and HS1 to GL1, GL2 and HA1, respectively, we compared them by SDS-PAGE and 2D-PAGE, and we then compared the gene structure corresponding to these LMWGSs.
performed as described by Maruyama-Funatsuki et al. (2004) , except that the extracted glutenin pellets were dissolved in DeStreak TM Rehydration Solution (Amersham Pharmacia Biotech, Buckinghamshire, UK) containing 2% IPG buffer v/v, Amersham Pharmacia Biotech) instead of the lysis buffer in 2D-PAGE for F 7 RILs.
Cloning of LMW-s glutenin genes by RT-PCR
Horoshirikomugi, Kachikei 34 and KS831957 were grown in 2001/02 in a test field of the National Agricultural Research Center for Hokkaido Region, Sapporo, Hokkaido, and immature seeds after flowering were harvested for RNA extraction. RNAs were extracted from immature seeds of Horoshirikomugi and Kachikei 34 24 days after flowering (DAF) and from 19-DAF immature seeds of KS831957, and then poly (A)+ RNAs were purified using a Message Maker (Invitrogen, Carlsbad, CA, USA). A cDNA synthesis was primed with oligo (dT) from approximately 100 ng of each RNA using a SUPERSCRIPT TM First-Strand Synthesis System (Invitrogen). Subsequent RT-PCR amplification was performed with one twentieth of the synthesized cDNA as the template, a forward primer (S-type2F 5′-AACACTAGTT AACACTAGTCCACC-3′) and a reverse primer (S-type978R 5′-AAACAACTAGTTTGGGCGGGTC-3′). Twenty µl of amplification solution contained 1 µl of synthesized cDNA, 1 × Pfx Amplification Buffer (Invitrogen), 1 × PCRx Enhancer Solution (Invitrogen), 1 mM magnesium sulphate, 0.25 mM of each deoxyribonucleotide, 125 nM of each primer, and 1.25 U of PLATINUM ® Pfx DNA Polymerase (Invitrogen). Amplifications were performed in a GeneAmp PCR System 2400 (Perkin Elmer, Boston, MA, USA) programmed at 94°C for 2 min, followed by 45 cycles at 94°C for 15 sec, 59°C for 30 sec and 68°C for 1 min. The final extension temperature was kept at 72°C for 7 min. Five µl of the total PCR product was analyzed on 1.2% agarose gel and then stained with 5 µg/ml ethidium bromide before visualization under UV light. The amplified DNA fragment in Horoshirikomugi (referred to as HORO1), the fragment in KS831957 and Kachikei 34 (referred to as KANS2) were purified from the gel, and their nucleotide sequences were directly determined, as described by Maruyama-Funatsuki et al. (2005) . Sequence data were collected and analyzed, as described by Maruyama-Funatsuki et al. (2005) .
Genomic PCR for the segregating population
Genomic PCR analysis was performed for Horoshirikomugi, KS831957, Kachikei 32, Kachikei 34 and 79 F 6 RILs that were found to be homozygous genotypes for the KS2 or HS1 allele by SDS-PAGE in a previous study (Maruyama-Funatsuki et al. 2004) . A grain from each line was germinated in a greenhouse in 2003. The template for PCR was prepared by boiling the leaf powder in a buffer, as described by Maruyama-Funatsuki et al. (2005) . In the genomic PCR, the forward primer s-F1 5′-CCATCCAACAAC AACCACACCA-3′ and the reverse primer s-R2 5′-CCCGA GTTGCTGTTGTGACTGC-3′ were used. Twenty µl of amplification solution contained 1 µl of the supernatant of the leaf mixture. Other conditions of the reaction solution were the same as those of RT-PCR. Amplifications were performed in a GeneAmp PCR System 2400 programmed at 94°C for 2 min, followed by 45 cycles at 94°C for 15 sec, 60°C for 30 sec and 68°C for 1 min. The final extension temperature was kept at 72°C for 7 min. Five µl of each total PCR product was analyzed on agarose gel. The nucleotide sequences of the amplified DNA fragments in Horoshirikomugi, KS831957, Kachikei 32 and Kachikei 34 were determined as described above.
LMW-GSs in six wheat cultivars and lines
LMW-GSs of KS831957, Horoshirikomugi, Glenlea, Harunoakebono, Kachikei 32 and Kachikei 34 were visualized as protein bands by SDS-PAGE and compared. The results are shown in Figure 1 . The HS1 in both Horoshirikomugi and Kachikei 32 comigrated with HA1 in Harunoakebono. KS2 and KS3 in both KS831957 and Kachikei 34 comigrated with GL1 and GL2 of Glenlea, respectively.
Two-dimensional resolution of LMW-GSs in six wheat cultivars and lines
LMW-GS HS1, HA1, KS2, KS3, GL1 and GL2 were resolved by 2D-PAGE and compared (Fig. 2) . The correspondence between LMW-GSs and protein spots was as follows: HS1 to 1a, 2a and 3a, HA1 to 1b, 2b, 3b, 4b and 5b, KS2 to 4a and 5a, KS3 to 6a, 7a, 8a and 9a, GL1 to 6b, 7b and 8b, and GL2 to 9b and 10b (Maruyama-Funatsuki et al. 2004 , 2005 . KS3 of KS831957 consisted of four glutenin protein spots (6a to 9a) consistently visible (Fig. 2D) . However, in Kachikei 34, the appearance of two spots (8a and 9a) was unstable, and if present, the spots were mostly faint (Fig. 2E) . It was therefore considered that the visible 8a and 9a of KS831957 segregated independently to 6a and 7a and that the faint 8a and 9a in Kachikei 34 were artifacts. Accordingly, the LMW-GS consisting of 6a and 7a in Kachikei 34 was renamed as LMW-GS KS3a. The spots comprising KS2 and GL1 were positioned very similarly in 2D-PAGE gels (Fig. 2D, 2E and 2F ), although the number of protein spots comprising KS2 and GL1 was different (two spots for KS2 and three spots for GL1). KS3a and GL2 also consisted of glutenin spots positioned similarly (Fig. 2D, 2E and 2F ). In addition, 2D-PAGE for the mixture of glutenin proteins of KS831957 and Glenlea showed that spots 4a, 5a, 6a and 7a were resolved at the same positions as those of 6b, 7b, 9b and 10b, respectively (data not shown). Furthermore, three protein spots comprising HS1 and five spots comprising HA1 were resolved similarly.
Two-dimensional resolution of LMW-GSs in 79 F 7 RILs
To monitor the glutenin components in winter wheat and to verify whether KS3a cosegregated with KS2, 2D-PAGE was performed for 79 F 7 RILs that were homozygous genotypes for the KS2 or HS1 allele. The F 7 RILs were grown in one season in 2002/03 in a test field of the Department of Upland Agriculture, National Agricultural Research Center for Hokkaido Region, Memuro, Hokkaido. In 44 F 7 RILs that were homozygous genotypes for the HS1 allele, three glutenin spots (1a, 2a and 3a) cosegregated (data not shown). In 35 F 7 RILs that were homozygous for the KS2 allele, the two spots (6a and 7a) comprising KS3a cosegregated with two spots (4a and 5a) comprising KS2. Two examples of 2D gels are shown in Figure 3 . In the 2D gel for Kachikei 34, spot 7a appeared to be composed of one spot (Fig. 2E) , while 2D-PAGE for F 7 RILs showed that spot 7a consisted of two kinds of spots with slightly different mobilities (Fig. 3) . Only one of the two spots with a slightly faster mobility always cosegregated with 4a, 5a and 6a (Fig. 3B) , and the other with a slightly slower mobility segregated independently in F 7 RILs (Fig. 3A) . We therefore identified a subunit consisting of 6a and one spot corresponding to 7a with a slightly faster mobility as KS3a. 2D-PAGE of F 7 RILs showed that KS2 and KS3a cosegregated.
LMW-s glutenin genes of KS831957 and Horoshirikomugi
Based on the results obtained by 2D-PAGE, we speculated that KS2, KS3a and HS1 were highly similar molecules of GL1, GL2 and HA1, respectively. To amplify the LMW-s gene candidates for KS2/KS3a and HS1 in RT-PCR, a set of primers, S-type2F/S-type978R, was used since it amplified gene candidates corresponding to HA1 and GL2/GL1 (Maruyama-Funatsuki et al. 2005) . The RT-PCR amplified a DNA fragment (designated as HORO1) of about 1300 bp for Horoshirikomugi and amplified another fragment (designated as KANS2) of about 1200 bp for KS831957 and Kachikei 34.
HORO1 displayed 100% identity with the nucleotide sequence of HARU48K (DDBJ accession number AB119006), an LMW-s glutenin gene candidate corresponding to HA1 in Harunoakebono (Fig. 4) . HORO1 had 1327 bp with an ORF, from the 25th to the 1200th nucleotides, and the deduced amino acid sequences of the gene included SHIPGLERPSQQ, with which the determined N-terminal amino acid sequences of the protein spots 2a and 3a comprising HS1 were identical (Maruyama-Funatsuki et al. 2004 ). The ORF contained 392 deduced amino acids, and the putative mature peptide starting from SHIPGLE showed a calculated molecular mass and an isoelectric point (pI) of 42,084 and 8.27, respectively. The nucleotide sequence of KANS2 was almost the same as that of GLEN42K (DDBJ accession number AB119007), a novel LMW-s glutenin gene candidate corresponding to GL1/GL2. The only difference was found in the 670th nucleotide, A, instead of G in GLEN42K (Fig. 4) . Accordingly, the 216th deduced amino acid of KANS2 was methionine (M) instead of valine (V) of GLEN42K. KANS2 had 1180 bp with an ORF, from the 25th to the 1053rd nucleotides. The deduced amino acid sequences of the gene included SHIPGLERPSQQQPLPP, with which the determined N-terminal amino acid sequences of protein spots 4a and 5a (for KS2) and 6a and 7a (for KS3) in KS831957 were identical (Maruyama-Funatsuki et al. 2004 ). The ORF contained 343 deduced amino acids, and the putative mature peptide starting from SHIPGLE showed a calculated molecular mass and a pI of 36,623 and 8.47, respectively. Alignment of the amino acid sequences deduced from the ORFs of KANS2 and HORO1 using the DNASIS program, revealed that KANS2 had a shorter repetitive domain that included many stretches consisting mainly of glutamine, proline and phenylalanine and was present in all known LMW glutenin genes, as well as GLEN42K (Fig. 4) . In addition, KANS2 contained a motif of fifteen continuous glutamine residues in the repetitive domain, as well as GLEN42K. Non-covalent hydrogen bonding of glutamine residues between GSs and polymers may be important for gluten elasticity (Shewry et al. 2002) . It is therefore considered that the glutamine motif may play an important role in a gluten network. The amino acid residue cysteine is an essential factor for intermolecular or intramolecular disulphide bond formation to construct a gluten network (Shewry and Tatham 1997) . The positions of the cysteine residues between the deduced amino acid sequences of KANS2 and GLEN42K also coincided perfectly (Fig. 4) .
Molecular marker linked to the allele corresponding to LMW glutenin associated with bread-making quality
To determine whether KANS2 was linked to the gene encoding KS2/KS3a and whether HORO1 was linked to the gene encoding HS1, we performed genomic PCR for 79 F 6 RILs that were homozygous for the HS1 or KS2/KS3a allele. The forward primer s-F1 and the reverse primer s-R2 were used because this set of primers amplified DNA fragments that are parts of HARU48K and GLEN42K (MaruyamaFunatsuki et al. 2005) . The genomic PCR amplified one amplicon of 839 bp for Horoshirikomugi and another amplicon of 692 bp for KS831957. The sequences of the amplicons of 839 bp and 692 bp were identical with those of HORO1 (from the 179th to 1017th nucleotides) and KANS2 (from the 179th to 870th nucleotides), respectively. PCR for Kachikei 32, Kachikei 34 and their 79 F 6 RILs revealed that an amplicon of 839 bp was specific to Kachikei 32 and the F 6 RILs carrying HS1 and that an amplicon of 692 bp was specific to Kachikei 34 and the F 6 RILs carrying KS2 (Fig. 5) , although the PCR did not amplify any DNA fragment for 3 F 6 RILs. This is because the amount of DNA extracted was insufficient or that extracted DNA was degraded during storage. The nucleotide sequences of the amplicons in Kachikei 32 and Kachikei 34 were found to be identical with those in Horoshirikomugi and KS831957, respectively. We therefore speculated that KANS2 is a candidate gene encoding at least one protein spot comprising KS2 and KS3a of KS831957 and that HORO1 is a candidate gene encoding at least one protein spot comprising HS1 of Horoshirikomugi. It is also possible that the 692 bp amplicon is linked to one of the multi-genes encoding KS2/KS3a and that the 839 bp amplicon is linked to the allelic gene encoding HS1.
Similarities between LMW-GSs of HRW and CWES wheat
KS2, KS3a and HS1 were resolved similarly to GL1, GL2 and HA1, respectively, in SDS-PAGE and 2D-PAGE. In previous studies, N-terminal amino acid sequences of the protein spots 4a and 5a (for KS2) and 6a and 7a (for KS3) in KS831957, 2a and 3a (for HS1) in Horoshirikomugi, 2b (for HA1) in Harunoakebono, and 6b, 7b and 8b (for GL1) and 9b and 10b (for GL2) in Glenlea were found to correspond to SHIPGLERPSQQQPLPP (Maruyama-Funatsuki et al. 2004 , 2005 , although it has been demonstrated that the determined sequence of 7a corresponds to a complex of two protein spots. The sequences of the candidate gene for HS1 (HORO1) and the candidate gene for HA1 (HARU48K) coincided and the candidate gene for KS2/KS3a (KANS2) and the candidate gene for GL1/GL2 (GLEN42K) showed a very high identity with a difference of only one nucleotide. It is suggested that the Glu-3 locus is a complex locus (D'Ovidio and Masci 2004) . Although the allelism test was not performed either for HS1 and HA1 or for KS2/KS3a and GL1/GL2 in the present study, it was shown that KS2/KS3a and GL1/ GL2 are allelic forms to HS1 and HA1, respectively. Furthermore, the sequences of the coding regions of the LMW-GS genes on each homoeologous group 1 chromosome (1A, 1B and 1D) displayed more than 96% identity and the identity of those among 1A, 1B, and 1D was at most 96% (D'Ovidio and Masci 2004) . It was therefore suggested that KANS2, HORO1, GLEN42K and HARU48K are alleles at the same homoeologous Glu-3 locus. The results obtained in the present study suggested that KS2, KS3a and HS1 are highly similar molecules to GL1, GL2 and HA1, respectively, not only on the basis of proteins but also on the basis of genes.
This study also showed that a CWES spring wheat cultivar and a strong winter wheat line harbored highly similar LMW-s components associated with good bread-making quality. It is likely that many Canadian strong or extrastrong cultivars contain LMW-GSs with SDS-PAGE mobilities similar to that of GL1/GL2 (personal communication from Dr. S. Cloutier at Cereal Research Center, Canada). It is therefore inferred that a large number of wheat varieties carry LMW-GSs similar to KS2/KS3a and GL1/GL2. Maruyama-Funatsuki et al. (2005) suggested that HA1 is highly similar to the 42-kDa subunit of 'Yecora Rojo' described by Masci et al. (1998) , since their mobilities in PAGE and their gene candidates are very similar. Masci et al. (2000) showed that several bread wheat cultivars carry LMW-GSs similar to the 42-kDa subunit. It is therefore considered that HS1 is similar to the 42-kDa subunit of Yecora Rojo and several such cultivars.
A set of primers, s-F1/s-R2, amplified partial inner sequences of both KANS2 and GLEN42K associated with good bread-making quality of a winter wheat line and a spring wheat cultivar, respectively. The amplified fragment in this study, therefore, could be readily used as a DNA marker in marker-assisted selection for breeding varieties carrying KS2/KS3a or GL1/GL2. Utilization of the above DNA marker would save much time, especially when a fragment of regenerated leaf is screened before potting in the process of producing doubled-haploid lines. Furthermore, the DNA marker in the present study may be useful for detecting LMW-GSs similar to KS2/KS3a and GL1/GL2 in other wheat varieties, although there may be cases where the primer sequences do not match to amplify the candidate genes for such components.
The factors responsible for the close association of KS2/KS3a with good bread-making quality remain to be elucidated. Precise quantification of the degree of expression of protein spots comprising KS2/KS3a and further structural analysis and determination of a direct disulphide bond of the protein encoded by KANS2 may enable to identify the factors responsible for good bread-making quality. 
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